This study evaluated the effects of lidocaine-magnesium blood cardioplegia on left ventricular function compared with potassium blood cardioplegia. Crystalloid cardioplegia which contains lidocaine has been reported but blood cardioplegia is rare. Thirteen dogs received 60 min of global ischemia under hypothermic cardioplumonary bypass (30 8C). Potassium blood cardioplegia was administered every 20 min in group A (ns6), and lidocaine-magnesium blood cardioplegia in group B (ns7). We compared the ratio of Emax obtained during IVC occlusion at pre-and post-global ischemia (%Emax) and LVSW (%LVSV). Cardiac function was evaluated prior to CPB and 60 min after reperfusion. There was no difference in time required for cardiac arrest between the two groups (group A: 78"3 s, group B: 89"9 s). Percentage maximal elastance was significantly better in group B (group A: 63"3%, group B: 76"4%, P-0.05). Percentage tissue water content of the myocardium after CPB was significantly lower in group B (group A: 82.3"4%, group B: 75.5"2%, P-0.05). Lidocainemagnesium blood cardioplegia was equivalent to potassium blood cardioplegia in systolic left ventricular function and reduced myocardial edema in canine heart.
Introduction
In myocardial protection during heart surgery, cardioplegia is an important factor. Hearse et al. w1x , reported potassium cardioplegia, which has been the main process of cardioplegia for 40 years. But depolarizing potassium cardioplegia does not act perfectly in protecting myocardium. Extracellular hyperkalemia induced abnormal transmembrane ion fluxes. Fast-sodium channels are inactivated and sodium-calcium changes occur. But the sodium, calcium 'window' current will lead to increased intracellular wCa x q 2 concentration. Decreasing of adenosine triphosphate (ATP) in myocardium continues during arrest.
Other agents for cardioplegic solution have been investigated. Locking the ion channel in a closed state will maintain the transmembrane electrical potential in a polarized state. Adenosine triphosphate-sensitive potassium channel opening (PCO) agents (e.g. pinacidil, nicorandil, or aprikalim) achieve polarized or hyperpolarized arrest, so these agents have the potential to be superior in depolarizing potassium cardioplegia. But some reports of animal models indicated increasing problematic post-ischemic arrhythmias and systemic hypotension. PCO agents could not be adopted for clinical use.
Fast-sodium channel blocker, lidocaine, and magnesium crystalloid cardioplegia achieve polarized arrest, and have been adopted clinically. This combination of agents indi-*Corresponding author. Tel.: q81-76-265-2354; fax: q81-76-222-6833. E-mail address: gucci-s@ya2.so-net.ne.jp (S. Yamaguchi).
cated better results in preservation of myocardial ATP and post-ischemic LV function compared to potassium cardioplegia.
Blood cardioplegia has advantages in buffer-effect, and O consumption, compared to crystalloid cardioplegia.
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We designed lidocaine-magnesium blood cardioplegia and examined the effects in canine hearts.
Material and methods
Thirteen adult dogs (12-21 kg) were studied in cardiopulmonary bypass models. All animals were premedicated with morphine sulfate (4 mgykg). Anesthesia was induced with intravenous administration of sodium pentobarbital (20 mgykg) and maintained with intermittent boluses (3 mgykg). The animals were endotracheally intubated and placed on a volume ventilator. Femoral artery pressure was monitored. Limb leads were placed for recording electrocardiogram.
A right parasternotomy allowed canulation of the right subclavian artery for inflow from the cardiopulmonary bypass (CPB). Venous return to the pump was through bicaval cannulation. An ascending aortic cardioplegia delivery cannula was placed and secured. The main pulmonary artery was clamped. The left ventricle was vented through left atrium, and systemic cooling was maintained at 30 8C. CPB flow was about 100 mlykg. Global myocardial ischemia was then initiated by crossclamping the ascending aorta.
One of the two types of cardioplegia was administered (100 ml per min, every 20 min for 5 min, 28 8C, antegrade delivery). Group A was administered potassium blood cardioplegia, which was used in our institute ( Table 1) . Group B was lidocaine blood cardioplegia. Global ischemia was maintained for 60 min. The animals were rewarmed to systemic normothermia when the cross-clamp was removed. Direct-current defibrillation was successful for those hearts that did not resume a spontaneous organized rhythm. Twenty minutes after cross-clamp removal, the hearts were kept in a vented non-working state on CPB. If hemodynamic was stable, CPB was tapered. LV function data were gathered 60 min after tapering CPB ( Table 1) .
All animals received humane care in compliance with the 'Principle of Laboratory Animal Care' formulated by the National Society for Medical Research and the 'Guide for the Care and Use of Laboratory Animals' prepared by the National Academy of Sciences and published by the National Institute of Health (NIH publication No. 85-23, revised 1985) .
Hemodynamic data were gathered using conductance catheter (Millar Instruments, Texas, USA) by inserting through the LV apex. The catheter connected to the heart was a volume and pressure measuring device and analyzing computer (PC98211s13 NEC, Tokyo). The program generated pressure-volume loops.
Time-varying left ventricular volume, V (t), followed from the measured conductance in the left ventricular through the following formula:
in which a is a dimensionless constant, sb is the specific conductivity of blood measured by a calibrating cuvette for each experiment, and G(t) was the sum of the conductance. Vc is a correction term caused by the conductance w4x.
The slope of the end-systolic pressure volume relation (ESPVR), E (Emax), was calculated by the linear regression ES of the end-systolic pressure-volume points obtained during IVC occlusion. To quantify the magnitude of the measured change in a contractile state, we compared the ratio of Emax obtained during IVC occusion at pre-and post-global ischemia (%Emax) w5x. Data were indicated as relative value of pre-and post-general ischemia.
Myocardial water content was determined from samples of the left ventricle taken immediately after death, weighed, and placed in an oven for desiccation. The samples were weighed daily until a constant weight was obtained for two days. The percent of water content of the tissue was determined by the following equation w6x.
Tissue % water content s w(wet weight -dry weight)ywet weightx=100.
We studied the levels of serum troponin-T at pre CPB and proceeded with cross-clamp removal three hours later to see the degree of myocardial injury. The levels were measured by an enzyme-linked immunosorbent assay.
Histologic examination was performed on transmural sections of the left ventricle taken from the LAD and circumflex coronary areas away from areas of instrumentation. These were then fixed in 10% buffered formalin. Sections were stained with hematoxylin and eosin and examined by a pathologist. Microscopic study was carried out. Each field examined the presence of interstitional edema, hypereosinophilia, and intramyocardial hemorrhage.
Serum lidocaine concentration was studied in group B. The animal blood was taken after every cardioplegia injection, cross-clamp removal, and 30 min after reperfusion. Concentration of the drug was measured by using a full automatic high performance liquid chromatography system (REMEDi-HS ) w7x. 
Statistical analysis
All values are expressed as the mean " the standard error of the mean. When comparisons were made in each group about cardiac function between pre-and post-CPB, the Wilcoxon single-rank test was used. When comparisons were made between the two groups, the Mann-Whitney Utest was used. In the comparison of spontaneous recovery rate after release of aortic cross-clamp, the Fisher's exact test was used. A P-value -0.05 was considered significant.
Results
All animals were tapered from CPB. During the working phase, adequate hemodynamics were maintained in all animals through the conclusion.
Time required for cardiac arrest took 78"3 s in group A and 89"9 s in group B. There was no significant difference between the two groups.
Ventricular systolic performance was assessed using the percentage of maximum elastance relationship (%Emax) and was significantly better for lidocaine-magnesium cardioplegia compared with potassium cardioplegia (group A: 63"3%, group B: 76"4%) (Fig. 1a) . The % LVSW was not significant between the two groups (group A: 76"2%, group B: 79"1%) (Fig. 1b) . The percent of myocardial water content was significantly lower in group B (group A: 82.3"4%, group B: 75.5"2%) (Fig. 1c) . The concentration of serum troponin-T was almost similar in both groups (group A: 3.5"0.8 ngyml, group B: 3.3"0.7 ngyml) (Fig.  1d) . Lidocaine-magnesium cardioplegia produced higher spontaneous recovery. Defibrillation occurred in three dogs in group A but not in group B.
In the pathological findings, interstitial edema tended to be more prominent in group A (Fig. 2) .
Serum concentration of lidocaine in group B was measured. It was highest after initiation of first administration of cardioplegia and decreased slowly. It was under normal therapeutic level 30 min after removal of crossclamping (after first injection 19.6 gyml, second injection 17.4 gyml, third injection 13.1 gyml, reperfusion 10.4 gyml, 30 min later reperfusion 4.6 gyml) (Fig. 3) .
Discussion
This study compared depolarizing potassium blood cardioplegia to polarizing lidocaine-magnesium blood cardioplegia in canine heart hypothermic models.
Calcium overload at reperfusion damages mitochondria of myocardial cell and decreases mitochondria ATP, and induces hyperoxidization, which destroys cell membrane. Lidocaine inhibits influx of sodium and calcium and stabilizes electrical potential of cell membrane, and will avoid calcium overload w8x.
In general the effects of sodium channel blocker rely on the concentration of extracellular sodium. The lower the level of sodium, the higher the effect of the drug. On the contrary, Hearse et al. reported that the lack of sodium diminished the working of the sodium-calcium exchange system. Sunamori et al. reported lidocaine magnesium crystalloid cardioplegia. This cardioplegia was superior to potassium cardioplegia in canine hearts for reducing myocardial edema w9x. Our result was similar with them about water content. Sodium concentration of the solution was 70 mEqyl. While planning to produce blood lidocaine cardioplegia, we installed a circuit to mix blood and reduce the concentration of sodium. The final concentration of our solution was about 100 mEqyl. We designed different concentrations of lidocaine-magnesium cardioplegia to obtain rapid arrest at induction. In the beginning of this study, we administered lidocaine with 0.43 mMyl, but mechanical and electrical arrest could not be achieved. We increased the concentration of lidocaine gradually. The final concentration of lidocaine for induction was designed at 1.3 mMyl. The time to arrest became almost the same with potassium blood cardioplegia. Joel et al. conducted an adenosine-lidocaine blood cardioplegia study of canine hearts in 2004. Concentration of lidocaine was lower (0.75 mMyl) than our solution w10x. But their solution took longer to arrest (over 2 min) and needed extra lines to deliver adenosine. Our circuit line was simple and easy to handle. We reduced the concentration of lidocaine to 0.43 mMyl from the second administration to avoid toxic effects. We measured serum lidocaine concen- tration. It achieved a normal therapeutic level after 30 min of reperfusion. Eighty-three percent of lidocaine was excluded from the kidney. Renal dysfunction may be contraindicated clinically. Magnesium extends the tolerance of myocardium to ischemia. It is possibly due to relaxing myofibrils and decreasing the demand for ATP. It is reported that extracellular magnesium plays the role of inhibiting calcium influx to cell w11,12x. It is important to reduce reperfusion injury. High concentration was better when it was added to cardioplegia, especially in blood cardioplegia.
Hypothermic cardioplegic techniques have been a mainstay for intraoperative myocardial protection for most cardiac surgeons. Myocardial metabolism is passive in low temperatures, encouraging energy conservation as well as blood cardioplegia coronary blood flow and oxgen supply decreasing in low temperatures. Lichtenstein et al. reported warm induction with blood cardioplegia in 1989 w13x. Warm induction cardioplegia theoretically avoids many of the potential problems associated with cold cardioplegia by allowing the heart to continue using oxygen and substrate for energy production and maintenance of normal cellular metabolism. However, the warm cardioplegia presents some problems. These relate to continuous injection of cardioplegia, for example, hyperkalemia causes inadequate visualization. Optimal myocardial temperature varied depending on delivery systems. We administered the solution for antegrade intermittent method. Hayashida et al. reported tepid hypothermic antegrade blood cardioplegia, reduced anaerobic lactate and acid release during arrest and preserved cardiac function w14x. We designed the temperature in this study for tepid hypothermia. The temperature of cardioplegia was 28 8C in both groups.
Cardiac function was assessed by time-varying elastance models. Quantification and comparison are based on the slope of this linear relationship, Emax. This methodology has been validated as a correlate of myocardial contractility or systolic function over the range of physiologic preload and afterload w15x. In this study, lidocaine-magnesium blood group exceeded potassium blood group.
Myocardial water content was less in lidocaine-magnesium blood group. This result indicated myocardial edema decrease in lidocaine group. Same results were found in pathologic study.
In conclusion, lidocaine-magnesium blood cardioplegia was superior to potassium blood cardioplegia in systolic left ventricular function and reduced myocardial edema in canine heart.
